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FIELD OF THE INVENTION 

5 The present invention pertains generally to navigation systems for 

airborne platforms such as aircraft. More particularly, the present invention 
pertains to passive navigation systems that can be used to navigate an 
airborne platform over a relatively long route of flight. The present invention is 
particularly, but not exclusively, useful as a secondary passive navigation 
10 system that can be used to back-up and verify a primary GPS navigational 
system. 
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BACKGROUND OF THE INVENTION 

GPS (i.e. a Global Positioning System) is a satellite-based radio 
navigation, positioning and time transfer system that provides highly accurate 

15 navigational information on a continuous global basis to an unlimited number 
of properly-equipped users. Important aspects of the system are that GPS is 
unaffected by weather and it provides a worldwide common grid reference 
system that is based on an earth-fixed coordinate system. Nevertheless, 
despite these beneficial aspects, GPS is susceptible to system outages, and 

20 is subject to jamming and spoofing. 

For flight missions that require accurate position identification and 
precise navigational information for an airborne platform (e.g. an aircraft), 
GPS is an extremely effective tool. Due to the susceptibilities noted above, 
however, GPS should not be relied upon as a stand-alone navigational 

25 system. Stated differently, redundancy is a desirable attribute for any 
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airborne navigational system. With this in mind, it would be desirable for a 
back-up navigational system for GPS to have certain features. First, the 
back-up system should be able to effectively assume the role of the primary 
system (i.e., GPS) when the latter becomes inoperative or inoperable. 
5 Second, and perhaps equally important, a back-up system can be used to 
verify the operation of the primary system. 

Another important attribute for a back-up navigational system is that it 
be able to operate independently of the primary system it is intended to 
support. Preferably, such a back-up system not only operates independently 

10 of the primary system, it also relies on different physical phenomena for its 
functionality. This latter attribute is particularly important when jamming or 
spoofing of the primary system (e.g. GPS) is a distinct possibility. 

With the above in mind, a passive system that allows accurate 
navigation using signals from pre-existing ground based emitters (e.g. 

15 television and FM radio broadcast signals, cellular phone system signals and 
; signals from existing military equipment such as radar and communications 
transceivers) is an attractive candidate for use as a back-up to an airborne 
GPS system for several reasons. First, but not necessarily the most important 
reason, is cost. Because such a system contemplates the use of existing 

20 ground based emitters, this type of system could be implemented without 
incurring a large expenditure to establish and maintain emitters to produce 
navigation signals. r 

In addition to the intrinsic costs savings described above, a system 
having the ability to selectively use signals from a large number of diverse 

25 ground based emitters is relatively hard to jam. In particular, a system that 
can select among a population of emitters having a wide range of frequencies 
and waveform characteristics can continue to function despite the jamming or 
spoofing of a particular frequency band. In addition, a system having the 
ability to selectively use signals from a large number of geographically 

30 distributed ground based emitters is not easily rendered inoperable by a 
localized power outage. 
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Another advantage that is somewhat inherent in a navigation system 
that functions by receiving and processing signals from pre-existing ground 
based emitters is that the airborne platform is not necessarily required to 
transmit any navigation signals. This can be important in certain applications, 
5 for example, when there is a concern that transmitted navigation signals might 
be used by hostile forces to locate, track and target the airborne platform. 

In light of the above it is an object of the present invention to provide an 
on-board system for identifying the geolocation of an airborne platform that 
can serve as a relatively precise and accurate back-up navigational system 
10 for a GPS system. Another object of the present invention is to provide a 
passive system for identifying the geolocation of an airborne platform that can 
function as a stand-alone system. Still another object of the present invention 
is to provide a system for identifying the position of an airborne platform that is 
not easily jammed, spoofed or rendered inoperable by a localized power 
15 outage on the ground. Yet another object of the present invention is to 
provide a system for identifying the position of an airborne platform that is 
accurate, relatively inexpensive to implement and relatively simple to use. 

SUMMARY OF THE INVENTION 

A passive navigation system for an airborne platform (e.g. aircraft), that 
20 in one application can be used to back-up and verify a GPS navigation 
system, includes a computer that is located on the airborne platform. The 
computer includes a database loaded with pre-programmed information 
regarding a plurality of stationary ground-based emitters that are positioned at 
known geolocations (i.e. emitters of opportunity). For the present invention, 
25 the ground based emitters can include, but are not necessarily limited to pre- 
existing signal emitters such as television and FM radio broadcast 
transmitters, cellular phone system transmitters, personal communications 
system (PCS) transmitters, and military and commercial radar and 
communication transmitters. 
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For each ground-based emitter, the database includes information 
regarding the geolocation of the emitter. Typically, the geolocation 
information includes the latitude, longitude and altitude of the emitter. In 
addition, the database includes information to allow the on-board system to 
5 identify the signal transmitted by the emitter. More specifically, the database 
includes at least one identifying signal characteristic of the particular emitter 
signal. Identifying signal characteristics that can be pre-programmed into the 
database can include, but are not necessarily limited to one or more of the 
following: signal frequency, signal bandwidth, signal waveform and signal 
10 strength. 

The system further includes an antenna array and a digital receiver, 
both of which are positioned on the airborne platform. Signals are passively 
received by the antenna array and then sent to the receiver which 
communicates with the on-board computer. In functional overview, the 

V 

15 antenna array, receiver and computer cooperate to receive signal(s) from one 
or more emitters, determine a direction of arrival (DOA) for selected received 
signal(s) and determine the geolocation of each emitter that corresponds to 
each of the selected received signals. The DOA(s) and emitter geolocation(s) 
are then processed in an algorithm to determine the geolocation of the 

20 airborne platform. 

In greater detail, signals received by the antenna array are sent to the 
digital receiver which then sequentially isolates signals from selected emitters. 
The isolated signals are then converted into a digital complex data stream 
which is then communicated to the computer. Next, the computer identifies 

25 the emitter (and its geolocation) corresponding to each isolated signal. The 
computer performs this function by first extracting one or more identifying 
signal characteristics from the data stream and then matching the extracted 
identifying signal characteristics with the pre-programmed data in the 
database. Once matched, the computer downloads the emitter geolocation 

30 that corresponds to the identifying signal characteristics from the database. 

As indicated above, the computer also calculates a DOA for selected 
received signals. In one implementation, the computer uses the phase 



differences between signals received at individual antenna elements within 
the array to determine DOA. In greater detail, when an emitter signal reaches 
the array, each individual antenna element will receive the signal at a slightly 
different phase angle relative to the other individual antenna elements. These 
5 phase differences can then be used to determine the DOA for the emitter 
signal. 

Once the DOA and emitter geolocation for one or more received 
signals has been determined, the computer can then input this information 
into a triangulation-type algorithm to estimate a geolocation of the airborne 

10 platform. If desired, the initial geolocation estimate can be further refined by 
the system. More specifically, the initial geolocation estimate can be used to 
identify other emitters in the vicinity of the initial geolocation estimate that can 
be used to further refine the initial geolocation estimate. The receiver is then 
configured to scan the frequency bands corresponding to the newly identified 

15 emitters. In one implementation, additional emitters are identified to improve 
positioning accuracy by minimizing the geometric dilution of precision (GDOP) 
that can occur when the selected emitters are unfavorably grouped, such as 
when the selected emitters are all located in one place or along one line, 
Also, the additional emitters can be used to reduce biases caused by 

20 multipath propagation of the emitter signals. 

In one implementation of the system, the effect of terrain scattering on 
emitter signals can be used to select the most appropriate emitters. For 
example, terrain scattering information can be used to select emitters having 
desirable RF characteristics such as the strongest signal power or the lowest 

25 levels of multipath propagation. In addition, the terrain scattering information 
can be used to reduce biases that are caused by multipath propagation of the 
emitter signals. 

In another aspect of the present invention, terrain scattering 

> 

information can be used to estimate the geolocation of the airborne platform. 
30 More specifically, site-specific terrain scattering information for one or more 
emitters can be generated using an RF phenomenology algorithm and site 
specific terrain data. The site-specific terrain scattering information is then 



compared to observed scattered signals to estimate a geolocation for the 
airborne platform. In some implementations, this technique can be used to 
estimate a geolocation using the signal from a single ground-based emitter. 
In addition, this technique can be used to complement or enhance the above- 
5 described process of using a triangulation-type algorithm to estimate an 
airborne platform geolocation using signal DOA's and emitter geolocations 
from a plurality of emitters. 

4 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of this invention, as well as the invention itself, both 
10 as to its structure and its operation, will be best understood from the 
accompanying drawings, taken in conjunction with the accompanying 
description, in which similar reference characters refer to similar parts, and in 
which: 

Fig. 1 is a simplified perspective view showing an intelligent passive 
15 , navigation system mounted on an airborne platform and oriented to receive 
signals from three exemplary ground-based emitters; and 

Fig. 2 is a simplified schematic diagram showing the components of an 
intelligent passive navigation system for use in determining the geolocation of 
an airborne platform. 

20 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

\ 

Referring initially to Fig. 1, an intelligent passive navigation system 
(hereinafter system 10) for determining the geolocation (e.g. latitude, 
longitude and altitude) of an airborne platform 12 on a flight path 14 is shown. 
For clarity, a projection 16 of the flight path 14 onto the surface of the earth 18 
25 is also shown. As intended for the system 10, the geolocation of the airborne 
platform 12 can be initially estimated and subsequently updated as the 
airborne platform 12 moves to allow the airborne platform 12 to be navigated 
along a desired course of flight. With the description provided below, those 
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skilled in the pertinent art will appreciate that the system 10 can be used 
alone as a primary navigation system for an airborne platform 12 or as a 
secondary navigation system to back-up and verify a primary navigation 
system, which can be a GPS navigation system or a primary navigation 
5 system based on some other technology. 

In operational overview as shown in Fig. 1, the system 10 receives 
radiofrequency (RF) signals, such as exemplary signals 20a-c, from 
respective stationary ground-based emitters, such as emitters 22a-c that are 
positioned at known geolocations. An advantageous functional aspect of the 

10 system 10 is that the emitters 22a-c can be pre-existing signal emitters that 
have not been modified or specifically tailored for use in a navigation system. 
Examples of suitable emitters 22a-c for the system 10 include but are not 
limited to television and FM radio broadcast transmitters, cellular phone 
system transmitters, personal communications system (PCS) transmitters, 

15 and military and commercial radar and communication transmitters. 

Continuing with Fig. 1, it can be seen that emitters 22a-c generate 
respective signals 20a-c that are passively received for processing by the 
system 10. As implied above, one or more of the signals 20a-c are typically 
communication signals or radar signals that are transmitted for receipt by one 

20 or more receivers (e.g. television sets, radio sets, radar transceivers) that are 
not part of the system 10. As used herein, the term communication signal and 
its derivatives means a radiofrequency signal that is modulated with non- 
navigation information and includes but is not limited to television broadcast 
signals, FM radio broadcast signals, cellular phone system signals, personal 

25 communications system (PCS) signals, and includes both military and 
commercial communication signals. 

Although three emitters 22 are shown in Fig. 1, those skilled in the 
pertinent art will appreciate that this number is merely exemplary and that 
more or less than three signals 20 can be received by the system 10. In fact, 

30 as detailed further below, the performance of the system 10 typically 
increases with the receipt and processing of each additional signal 20. 
Furthermore, although the system 10 can be designed for use solely with pre- 
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existing emitters 22 as described above (i.e. communication and radar 
emitters) it is to be appreciated that these signals 20 can be augmented with 
signals from pre-existing navigation signal emitters. Additionally, dedicated 
system emitters (not shown) can be positioned at known locations and used 
5 to supplement the signals 20 from pre-existing emitters 22. 

A better understanding of the components of the system 10 can be 
appreciated with cross reference to Figs. 1 and 2. As shown, the system 10 
includes a computer 24 having a database 26. For the system 10, the 
computer 24 can include one or more processors for performing instructions 
10 stored or carried on one or more machine readable media. Suitable 
processors include, but are not limited to, programmed general purpose digital 
computers, microprocessors, digital signal processors (DSP), integrated 
circuits, application specific integrated circuits (ASIC's), logic gate arrays and 
switching arrays. 

15 Suitable machine readable media include, but are not limited to, RAM, 

disk drives, optical discs such as a compact disk (CD), CD-ROM, CD-R (a 
recordable CD-ROM that can be read on a CD-ROM drive), CD-RW (multiple- 
write CD), CD-E (recordable and erasable CD), or DVD (digital video disc). 
Alternatively, instead of, or in addition to an optical disc, the machine readable 

20 media can include one or more of the following: a magnetic data storage 
diskett (floppy disk), a Zip disk, DASD storage (e.g., a conventional "hard 

r 

drive" or a RAID array), magnetic tape, RAM, electronic read-only memory 
(e.g., ROM, EPROM, or EEPROM), paper punch cards, or transmission 
media such as digital and/or analog communication links. 

25 For the system 10, the database 26 is pre-programmed with 

information regarding each emitter 22 (and its respective signal 20) that is 
accessible and usable by the system 10. In greater detail, the database 26 
includes information regarding the geolocation of each ground-based emitter 
22. Typically, the geolocation information includes the latitude, longitude and 

30 altitude of the emitter 22, but it is to be appreciated that some other 
coordinate system can be used to identify the geolocation of each emitter 22. 
Additionally, the database 26 includes information to allow the system 10 to 



identify each signal 20 distinctly from the other signals 20. More specifically, 
the database 26 includes at least one identifying signal characteristic, which is 
typically a characteristic operating factor of the particular signal 20. 

Identifying signal characteristics that can be pre-programmed into the 

■i - 

5 database 26 can include, but are not necessarily limited to one or more of the 
following: signal frequency, signal bandwidth, signal waveform and signal 
strength. Thus, using the database 26, the computer 24 can use an 
identifying signal characteristic of a signal 20 to determine the geolpcation of 
the emitter 22 that has transmitted the particular signal 20. 

10 As further shown, the system 10 further includes an antenna array 28 

and a digital receiver 30, both of which are positioned on the airborne platform 
12. Signals 20 are passively received by the antenna array 28 and then sent 
: to the receiver 30 via link 32. The receiver 30 communicates with the on- 
board computer 24 via link 34. In functional overview, the antenna array 28, 

15 receiver 30 and computer 24 cooperate to receive signals 20 from one or 
more emitters 22, determine a direction of arrival (POA) for selected received 
signals 20 and determine the geolocation of each emitter 22 that corresponds 
to each of the selected received signals 20. The DOA(s) and emitter 
geolocation(s) are then processed by the computer 24 in an algorithm to 

20 determine the geolocation of the airborne platform 12. 

In greater detail, signals 20 received by the antenna array 28 are sent 
to the digital receiver 30 which scans by frequency and then sequentially 
isolates selected signals 20 from selected emitters 22. The isolated signals 
20 are' then converted into a digital complex data stream which is then 

25 communicated to the computer 24 via link 34. Thus, the receiver 30 includes 
a frequency scanning capability that is typically controlled by inputs to the 
receiver 30 from the computer 24 via link 34. Additionally, the receiver 30 
includes an analog to digital (A/D) conversion circuit to create the digital 
complex data stream. Typically, the receiver 30 also includes the capability of 

30 determining a center frequency for each selected received signal 20 and 
includes the center frequency in the digital complex data stream. 
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The computer 24 receives the digital complex data stream from the 
receiver 30 and extracts one or more identifying signal characteristics from 
the data stream. The computer 24 is programmed to query the pre- 
programmed data in the database 26 for the extracted identifying signal 
5 characteristics. The query results in the database record for the selected 
emitter signal 20 which includes the emitter geolocation that corresponds to 
the selected signal 20. This process is continued until an emitter geolocation 
is determined for each selected signal 20. 

As indicated above, the computer 24 also calculates a DOA for 

10 selected received signals 20. Fig. 1 shows a typical implementation in which 
directions of arrival on, 0,2, ot3 for respective signals 20a, 20b and 20c are 
measured relative to a suitable reference line, in this case a line 
corresponding to the flight path 14. In some implementations, each direction 
of arrival, a, is measured in terms of components such as a horizontal and 

1 5 vertical component. To measure the DOA for each selected signal 20, the 
antennal array 28 for the system 10 includes a plurality of antenna elements 
36 (e.g. individual antennas) of which exemplary antenna elements 36a-e 
have been labeled. In one implementation, the computer 24 is programmed 
to use the phase differences between signal portions arriving at individual 

20 antenna elements 36 within the antenna array 28 to determine the DOA for 
the selected signal 20. \ In greater detail, when a signal 20 reaches the 
antenna array 28, each antenna element 36 will receive a signal portion that is 
at a slightly different phase angle relative to signal portions received at the 
other individual antenna elements 36. These phase differences can then be 

25 processed to determine the DOA for the selected signal 20. As an alternative 
to using an antenna array 28 with multiple antenna elements 36, the system 
10 could employ a scanning single element antenna (not shown) to measure 
phase at several scan angles to determine a DOA. 

The DOA and emitter geolocation for each selected signal 20 provides 

30 position information for the airborne platform 12. The DOA and emitter 
geolocation for two or more selected signals 20 can be processed by the 
computer 24 using a triangulation-type algorithm to estimate a geolocation of 

10 



the airborne platform 12. In a typical embodiment, three or more selected 
signals 20 are processed by the computer 24 using a triangulation-type 
algorithm to obtain an initial geolocation estimate. 

In some implementations of the system 10, the initial geolocation 
5 estimate is refined by using the initial geolocation estimate to identify other 
useful emitters 22 in the vicinity of the initial geolocation estimate. The 
computer 24 then communicates the frequency/frequency band of the newly 
identified emitters 22 to the receiver 30 along with instructions for the receiver 
* 30 to scan for the signals 20 from the newly identified emitters 22. The 

10 additional emitters 22 can be used to improve positioning accuracy by 
minimizing the geometric dilution of precision (GDOP) that can occur when 
the selected emitters 22 are unfavorably grouped, such as when the selected 
emitters 22 are all located substantially in one place or substantially along one 
line. Also, the additional emitters 22 can be used to provide an averaging 

15 mechanism to reduce biases caused by multipath propagation of the emitter 
signals 20. For example, the strongest signals 20 received can be used to 
determine a coarse, initial geolocation for the platform 12 followed by using 
the initial geolocation to select weaker signals 20 from advantageously 
located emitters 22. These weaker signals 20 are then processed to improve 

20 the geolocation estimation by minimizing GDOP and multipath propagation 
bias. 

The system 10 can also utilize the effect of terrain scattering on the 
signals 20 to select the most appropriate signals 20 for processing. For 
example, terrain scattering information can be used to select signals 20 

25 having desirable RF characteristics such as the strongest signal power or the 
lowest levels of multipath propagation. In addition, the terrain scattering 
information can be used to reduce biases that are caused by multipath 
propagation of the signals 20. 

In another embodiment of the system 10, terrain scattering information 

30 can be used to estimate the geolocation of the airborne platform 12. In this 
embodiment, site-specific terrain information is pre-programmed into the 
database 26. For example, data from the National Imagery and Mapping 
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Agency (NIMA) Digital Terrain Elevation Data (DTED) and NIMA Digital 
Feature Analysis Data (DFAD) can be used. Next, site-specific terrain 
scattering information can be generated by the computer 24 by processing the 
site-specific terrain information in a radio frequency (RF) phenomenology 
5 algorithm. The site-specific terrain scattering information is then compared 
with observed scattered signals to estimate a geolocation for the airborne 
platform 12. The site-specific terrain scattering information typically includes 
a mapping of scattered signal data (e.g. scattered signal power) as a function 
of geolocation. In some implementations of this embodiment, the technique 
10 can be performed using the scattered signals from a single ground-based 
emitter 22. 

While the particular Intelligent Passive Navigation System for Back-up 
and Verification of GPS as herein shown and disclosed in detail is fully 
capable of obtaining the objects and providing the advantages herein before 
15 stated, it is to be understood that it is merely illustrative of the presently 
preferred embodiments of the invention and that no limitations are intended to 
the details of construction or design herein shown other than as described in 
the appended claims: 
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